INTRODUCTION
Divergence dating analyses can provide insight into the timing of evolutionary radiations, placing them in the context of plate tectonic events, climate shifts, and mass extinctions. Fossils provide a crucial source of temporal information that allows nodes in molecular trees to be tied to the geological time scale. As methods for divergence dating and their computer implementation have become more sophisticated, the importance of fossil calibrations has grown. The need for precise phylogenetic placement and stratigraphic constraint of these fossil calibrations is evident.
Birds have been frequent targets of divergence dating analyses (e.g., Hedges et al., 1996; Cooper and Penny, 1997; van Tuinen and Hedges, 2001; van Tuinen and Dyke, 2004; Shapiro et al., 2002; Ericson et al., 2006; Baker et al., 2007; Pereira et al., 2007; Brown et al., 2008; Pratt et al, 2009; Phillips et al., 2010; Pacheco et al., 2011; White et al., 2011) . A common thread in these analyses has been testing whether the avian crown radiation was well underway during the Cretaceous, implying a wave of mass survivorship across the K-Pg boundary, or took place primarily in the Paleogene, implying an explosive radiation following the K-Pg mass extinction (reviewed by Penny and Phillips, 2004) . Despite strong interest in avian divergence dating, there has been relatively little effort expended on explicitly justifying the phylogenetic placement of fossil calibrations for key nodes. The majority of avian fossils that have been applied as fossil calibrations have never been included in a phylogenetic analysis , and a substantial number have been applied to nodes that contradict the most recent placement of fossil taxa (e.g., Mayr, 2005a; Ksepka, 2009; Wijnker and Olson, 2009; Smith, in press ). We suspect that many inaccurate calibrations can be attributed to the unwarranted assumption that fossil bird taxonomy reflects phylogeny, e.g., the misattribution of stem lineage fossils to extant families. Until recently, phylogenetic work on fossil members of the crown radiation of birds has been sparse, and the list of fossils that were formerly shoehorned into extant higher taxa is long (e.g., Olson, 1985; Mayr, 2009) .
Inaccurate or imprecise ages have been tied to avian fossil calibrations as well. This is in part due to the complex chain of inference that must be applied to translate stratigraphic occurrences into numerical dates. Although early analyses often treated calibrations as point constraints or hard minima, many current divergence dating methods allow implementation of prior age distributions (e.g., Thorne et al., 1998; Yang and Rannala, 2006; Yang, 2007; Drummond et al., 2006; Drummond and Rambaut, 2007) . Depending on the analysis, prior distribution curves may be narrow and multiple calibrations may strongly impact one another (e.g., Ho and Phillips, 2009; Inoue et al., 2010; Clarke et al., 2011; Warnock et al., 2012) . For this reason, precision in fossil dating is recognized to be of crucial importance. Beyond this, stratigraphic revisions that occur subsequent to the initial description of a fossil are often overlooked, resulting in obsolete age estimates being retained in the systematic literature. One need only compare recent Cenozoic time scales (e.g., Gradstein et al., 2004 , figure 1.7) to understand the magnitude of change in global geochronology over the past few decades, to say nothing of local revisions within individual formations.
In this paper, we lay out the justification for a set of fossil calibrations within the crown radiation of birds. We propose seven phylogenetically and stratigraphically constrained fossils from clades distributed widely across Aves. Our calibrations follow the best practice guidelines outlined by Parham et al. (2012) in (1) basing each calibration on an individual specimen, (2) referencing an apomorphy-based diagnosis or phylogenetic analysis including this specimen, (3) resolving any conflict between morphological and molecular data sets that affect the reliability of the fossil calibration,(4) providing the explicit stratigraphic context of the fossil, and (5) translating stratigraphic placement to a numerical date via connection to radiometric dates and/or the geological time scale. We further apply slightly stricter criteria in this contribution, recommending fossils as calibrations only if (1) the specimen comprises at least a partial skeleton, (2) the species has been included in a phylogenetic analysis, and (3) the gap between the age of the calibrating fossil and the next oldest representative of its clade spans less than 10 Ma. We do not take the position that fossils failing to meet these additional criteria should not be used as calibrations. However, given the history of single elements being erroneously assigned to extant clades and active disputes over the affinities of fossils in avian paleontology, increasing the threshold for the fossil calibrations presented here should ensure they are of maximum stability and reliability. Choosing relatively complete fossils has the added appeal of facilitating the application of methods that directly incorporate fossils as terminal taxa in divergence dating analysis (e.g., Ware et al., 2010; Pyron, 2011; Ronquist et al., 2012) .
Several of the fossils discussed here have previously been used as calibrations. However, in each of these cases the calibration has been applied either to a different node or with a different minimum age (in some cases varying by several million years). Such discrepancies illustrate the strength of tying calibrations to an individual fossil specimen, and the importance of explicitly stating the justification for the placement and the age of each calibration point.
In outlining the justification for these calibrations, we discuss the current evidence for the higher-level relationships of the clade to which each fossil taxon belongs and how this may affect the utility of these calibration points. One crucial reason for considering higher-level relationships is that the sister taxon of the clade to which the fossil taxon belongs must be included in the divergence study in order for the calibration to be properly applied. In cases where relationships are unstable, this may require wide taxonomic sampling. If the sister taxon is not included in the analysis, the calibration age will be applied to a node deeper in the tree -a node that logically must predate the age of the divergence calibrated by the fossil. Results from analyses in which the sister taxon is omitted will thus be biased towards underestimating the age of clades throughout the entire tree under most methods. Additionally, examining alternate hypotheses of higher level relationships facilitates the identification of potential conflicts between morphological and molecular data sets that could alter the optimization of characters supporting the placement of the fossil (recommendation 3 of Parham et al., 2012) .
We attempt to provide both the most accurate ages available for each calibrating specimen and a review of the fossil record over the 20-30 million years subsequent to the appearance of the calibrating specimen. The age of a phylogenetically vetted fossil can be treated as a hard minimum age for the most exclusive clade to which it belongs. Hard minimum calibrations, as well as prior age distributions that include a minimum bound, should utilize the youngest possible age of the fossil including the associated error, because this represents the minimum possible age of the fossil and because any method for further quantifying uncertainty should take the absolute minimum as a starting point (e.g., Donoghue and Benton, 2007; Ho and Phillips, 2009) . Advances in geochronology and revisions of ranges such as biozones are continually improving the accuracy and precision of age estimates. In translating global stratigraphic boundaries into numerical dates, we relied on the Geological Time Scale 2012 (Gradstein et al., 2012) . However, in many cases we were able to access local stratigraphic data such as radiometrically dated ash layers to provide a more precise age constraint. By presenting not only the most recent age estimate for each fossil but also an explicit justification for this age, we hope to provide those interested in utilizing these fossil calibrations with a means of verifying the most up-to-date ages as dates for relevant biostratigraphic zones, paleomagnetic chrons, ash layers, and other such horizons are refined in the future.
Tabulating occurrences from deposits younger than the calibrating fossil is useful because it gives a sense of the completeness of the fossil record of the clade, and hence the uncertainty that needs to be taken into account when formulating prior age distributions or maximum constraints. Müller and Reisz (2005) emphasized that well-constrained calibration points should be based on fossils with no major gap between the oldest known specimen and the next oldest occurrences for the clade. In cases where this condition is not met, there is reason to suspect the clade in question may be significantly older, but poorly represented in the fossil record. As with any group, the continuity of the fossil record varies widely in different avian clades. For some clades, such as penguins, fossils are densely sampled across geologic time. In others, very wide gaps exist between the first fossil record and the next oldest exemplar. Fregatidae, for example, is known from multiple Early Eocene skeletons of the taxon Limnofregata, but has no subsequent fossil record until the Pleistocene (Olson, 1975 (Olson, , 1977 . While Limnofregata still provides a minimum calibration point for the divergence of Fregatidae from other extant birds, there is little fossil evidence to inform the estimation of the maximum age of this divergence.
Stratigraphic occurrence data can be converted into confidence intervals or otherwise utilized to formulate maximum bounds for calibrations. However, such endeavors require taking factors such as predicted diversity, preservation, distribution of fossiliferous horizons, and sampling rates into account (e.g., Strauss and Sadler, 1989; Marshall, 1997 Marshall, , 1999 Reisz and Müller, 2004; Müller and Reisz, 2005; Marjanovíc and Laurin, 2008; Benton et al., 2009) . Converting these occurrence charts into explicit confidence 4 intervals or prior distributions is by no means straightforward. In this contribution, we provide occurrence data but forego recommending explicit maximum bounds or probability distributions.
ANATOIDEA (DUCKS, GEESE, AND SWANS)
Node Calibrated. Divergence between Anatidae and Anseranatidae. Fossil Taxon. Vegavis iaai Clarke et al., 2005 . Specimen. MLP 93-I-3-1 (Museo de La Plata, Argentina): partial skeleton including seven vertebrae, dorsal ribs, sacrum, scapula, coracoid, humerus, ulna, partial radius, pelvis, femora, tibiotarsus, and partial tarsometatarsi. Phylogenetic Justification. Phylogenetic analysis of morphological data (Clarke et al., 2005) . Minimum Age. 66.5 Ma. Age Justification. MLP 93-I-3-1 was collected from lithostratigraphic unit K3, also referred to as Unit "C" of Pirrie et al. (1991) or the Sandwich Bluff Member of the Lopez de Bertodano Formation (Pirrie et al., 1997; Crame et al., 1999 Crame et al., , 2004 at Sandwich Bluff, Vega Island, Antarctica. A Late Maastrichtian age for the Sandwich Bluff Member is based on an array of biostratigraphic evidence. Abundant marine reptiles, a hadrosaurian dinosaur tooth, macro-invertebrates, and micro-invertebrates have been sampled from deposits directly overlying the concretionary layer that produced the Vegavis holotype (Pirrie et al., 1991; Case et al., 2000; Riding et al., 1992; Martin, 2006; reviewed in Clarke et al., 2005) .
While a Maastrichtian age has been established for the Sandwich Bluff Member, some uncertainty remains in the correlation between the Maastrichtian Lopez de Bertodano deposits on Vega Island and the better studied sections on nearby Seymour Island. The Vegavis type horizon is placed near the lower base of the Manumiella bertodano (="Manumiella new species 2" of Pirrie et al., 1991) dinoflagellate biozone (Thorn et al., 2009) . The Manumiella bertodano biozone is restricted to a limited portion of the Maastrichtian section on Seymour Island, bounded by a first appearance datum ~200 m below the K-Pg boundary and a last appearance datum~50 m below the K-Pg boundary in the composite section (Thorn et al., 2009) . Precisely estimating the amount of time represented by the ~50 m stratigraphic interval between the top of the Manumiella bertodano biozone and the K-Pg boundary, and the amount of time represented by the stratigraphic interval between the base of the Manumiella bertodano biozone and the Vegavis holotype horizon will require further work. Correlations by Tobin et al. (2012) , taking into account magnetostratigraphy, 87 Sr/ 86 Sr values and approximations of sedimentation rate, estimated the lower base of the Manumiella bertodano biozone to be approximately 67 Ma in age. The top of this biozone (50 m below the KPg boundary) is estimated to be slightly younger than 66 Ma (e.g., Tobin et al., 2012, figure 4) . These values were based on an estimated age of the K-Pg boundary of 65.5 Ma. More recently, the age estimate of the K-Pg boundary has been refined to 66 Ma (Renne et al., 2013) . Thus, best estimates of these biozone boundaries should be shifted upwards by 0.5 Ma.
87 Sr/ 86 Sr chronology is suggestive of a slightly older date for the fossil horizon, but correlations remain uncertain. A 67.5 Ma date from the Lopez de Bertodano Formation deposits on Seymour Island has been proposed to mark the Early/ Late Maastrichtian boundary (Crame et al., 2004) . Sandwich Bluff Member deposits on Vega Island were illustrated as possibly correlative with Seymour deposits slightly older than those containing the 67.5 datum (Crame et al., 2004, figure 2 ). However, there is evidence that an unconformity underlying the Sandwich Bluff Member beds marks thẽ 67.5 Early/Late Maastrichtian transition on Vega Island, which would instead indicate a younger Late Maastrichtian age for the Sandwich Bluff Member (Crame et al., 2004, p. 420 , and figure 3). Because the youngest possible age of the specimen should be used as the hard minimum calibration, we specify 66.5 Ma for the calibration age. Phylogenetic Position of Anatidae. Anseriformes comprises three major clades: Anhimidae, Anseranatidae, and Anatidae (Figure 1) . A sister group relationship between Anseranatidae and Anatidae among extant Anseriformes has been supported by most morphological (Ericson, 1997; Livezey, 1997; Clarke et al., 2005; Livezey and Zusi, 2006, 2007) and molecular (Harshman, 1994; Cracraft et al., 2004; Hackett et al., 2008) analyses of extant Anseriformes. Because both classes of data agree on the phylogenic arrangement of the three major anseriform clades, the position of Vegavis is not subject to uncertainty arising from morphological / molecular conflicts. The extinct anseriform clade Presbyornithidae and Vegavis are both supported as being more closely related to Anatidae than to Anseranatidae (Ericson, 1997; Livezey, 1997; Clarke et al., 2005) . Thus, Presbyornithidae and Vegavis are both included in the clade Anatoidea (Anatidae plus stem lineage relatives), though whether they are each other's sister taxa remains uncertain. Fossil Record of Anatoidea. Vegavis is the only Cretaceous fossil definitely supported as part of the crown radiation of birds by phylogenetic analysis. Specimens assigned to the Presbyornithidae are among the oldest known fossils that have been interpreted as crown clade birds. Teviornis gobiensis from the Late Cretaceous Nemegt Formation of Mongolia was also assigned to Presbyornithidae (Kurochkin et al., 2002) . However, this species is known only from a few wing elements, and its affinities remain controversial (Clarke and Norell, 2004; Kurochkin and Dyke, 2010) . If anseriform affinities were confirmed, Teviornis gobiensis would not greatly alter our proposed calibration age for the Anseranatidae-Anatidae divergence. The Nemegt deposits are generally interpreted as Maastrichtian (69-70 Ma., e.g., Averianov and Sues, 2012) but these fluvial deposits are much more poorly constrained in age than the marine Antarctic sequence. An additional Nemegt wing element showing morphological similarities to Presbyornithidae was not considered referable on the basis of apomorphy (Clarke and Norell, 2004) .
Less controversial specimens assigned to Presbyornis occur at many Paleocene-Eocene localities in North America, South America and Asia. Oldest among these specimens is a wing element from the early/middle Paleocene of Maryland (Olson, 1994) . In a review of Presbyornithidae, Ericson (2000) listed well-preserved specimens from a number of latest Paleogene-Eocene localities from the western United States McGrew and Feduccia, 1974; Olson and Feduccia, 1980; Benson, 1996) as well as a partial skeleton and isolated elements from Argentina (e.g., Telmabates; Howard, 1955; Cracraft, 1970) . Paleogene Asian records of Presbyornithidae include isolated elements collected from latest Paleocene and Early Eocene horizons of the Naran−Bulak Formation of Mongolia (Kurochkin and Dyke, 2010) . Aside from Vegavis and Presbyornithidae, the Paleogene record of taxa that can be placed along the stem lineage leading to Anatidae is relatively sparse, and the oldest accepted records are bones from the Late Eocene of France assigned to Romainvillia stehlini (Lebedinsky, 1927; Mayr, 2008a) (Figure 2) . Mayr (2013a) considered the placement of Vegavis iaai within crown Anseriformes to be problematic because of concerns over homoplasy in one character used to support this placement: presence of well well-developed cristae/sulci of the hypotarsus. Specifically, Vegavis exhibits a series of three shallow grooves in the hypotarsus (Clarke et al. 2005) . Mayr (2013a) proposed that a similar morphology is present in some fossil stem representatives of Gaviiformes and Phoenicopteriformes, which would raise concerns over the reliability of this character. Although several taxa outside of Anseriformes exhibit the presence of three hypotarsal sulci, none show precisely the morphology observed in Vegavis. In the stem loon and stem flamingo taxa discussed by Mayr (2013a) , the outer hypotarsal crests are more wellprojected and quite distinct from the condition in Vegavis and Anatidae, in which the crests are nearly equally well-projected. Although most medial crest is abraded in the Vegavis holotype, it appears to have been only slightly more projected than the lateral crest, as in most other Galloanserae.
Phylogenetic placement of Vegavis relies not only on characters of the hypotarsus, but also on a set of unambiguously optimized synapomorphies that nest this taxon within Aves, Neognathae, and Anseriformes (Clarke et al., 2005) . Characters specifically supporting referral to Anatoidea (Anatidae + Anseranatidae) include absence of a sternal pneumatic foramen, apneumatic coracoid, ovoid m. scapulohumeralis cranialis scar, and metatarsal II significantly shorter than metatarsal IV in distal extent. Addition characters are optimized as ambiguous synapomorphies of a clade uniting Vegavis, Presbyornis and Anatidae due to missing data in the Eocene fossil taxon Anatalavis. These include absence of a pneumatic foramen on the proximomedial surface of ribs and the presence of numerous hypotarsal cristae. We note that no phylogenetic analyses have supported a close relationship between Vegavis and Phoenicopteriformes, Gaviiformes, or any other avian clade. Indeed, a placement within Neoaves would actually require a far greater level of diversification by the end of the Cretaceous than our recommended calibration placement within Anseriformes. Undoubtedly, these alternate placements would require higher levels of skeletal homoplasy as well. As with any fossil taxon, the discovery of new material or new analyses could shift the position of Vegavis. At present, however, we see no cause for concern with this calibration point given the phylogenetic support and the just younger Paleocene/Eocene crown anseriform fossils are known exhibit an array similar morphologies. Fossil Record of Related Clades. Anseranatidae are known from only a few specimens, the oldest of which is a humerus from the Hornerstown Formation that is latest Late Cretaceous or earliest Paleocene in age (Olson and Parris, 1987; Parris and Hope, 2002) . A partial skeleton of Anatalavis oxfordi from the Early Eocene of the United Kingdom (Olson, 1999) represents a more complete specimen. However, the phylogenetic affinities of this taxon remain controversial, and it has been alternatively considered a stem representative of Anseranatidae (Olson, 1999; Mayr, 2008a) or the sister taxon of the clade uniting Vegavis, Presbyornithidae, and Anatidae (Dyke, 2001a; Clarke et al., 2005) . Two bones from the Late Oligocene or Early Miocene of Riversleigh, Australia, are the only other confirmed records on Anseranatidae (Worthy and Scanlon, 2009 ). Anseranatidae are today represented only by a single species, the Magpie Goose Anseranas semipalmata, which begs the question of whether this clade has been species poor since the time of their divergence from Anatidae. If this were so, it would partially explain the sparse fossil record of the group.
SPHENISCIFORMES (PENGUINS)
Node Calibrated. Divergence between Sphenisciformes and Procellariiformes. Fossil Taxon. Waimanu manneringi Ando, Jones, and Fordyce, 2006 (in Slack et al., 2006 Specimen. CM zfa35 (Canterbury Museum, Christchurch, NZ), holotype of Waimanu manneringi: thoracic vertebrae, caudal vertebrae, pelvis, femur, tibiotarsus, and tarsometatarsus. Phylogenetic Justification. Waimanu was recovered as the most basal penguin taxon by multiple analyses using morphological data (Slack et al., 2006) and combined (morphological plus molecular) data (Ksepka et al., 2006 Clarke et al., 2007 Clarke et al., , 2010 Ksepka and Clarke, 2010a) . No alternative hypothesis has been proposed linking Waimanu to any group other than Sphenisciformes. Minimum Age. 60.5 Ma. Age Justification. The only described specimen of Waimanu manneringi was collected from the basal Waipara Greensand (Slack et al., 2006) . The top of the Waipara Greensand marks the Paleocene-Eocene boundary, placing the fossil well within the Paleocene. Calcareous nannofossils further constrain this locality's age. The last appearance datum for Hornibrookina teuriensis is no younger than early Selandian (60.5 Ma), and the overlap between the ranges of Hornibrookina teuriensis and Chaismolithus bidens spans 60.5-61.6 Ma (Cooper, 2004; Slack et al., 2006; Ogg et al., 2008) . The youngest possible age (60.5 Ma) is used as a hard minimum age. Phylogenetic Position of Sphenisciformes. A sister group-relationship between Sphenisciformes and Procellariiformes (Austrodyptornithes of Yuri et al., 2013 ) is supported by the largest published morphological (Livezey and Zusi, 2006, 2007) and molecular (Hackett et al., 2008) datasets for avian phylogeny (Figure 3) . Alternative hypotheses include a sister group relationship between Sphenisciformes and a core clade of 'Pelecaniformes', supported by analysis of sequence data from the beta-fibrinogen gene (Fain and Houde, 2004) and morphological characters (Mayr, 2005b) ; a sister group relationships between Sphenisciformes and Podicipediformes + Gaviiformes recovered by analysis of morphological data (Smith, 2010) ; and a sister group relationship between Sphenisciformes and Ciconiiformes recovered from some analyses of mitochondrial data (Slack et al., 2003; Harrison et al., 2004; Watanabe et al., 2006) . Notably, all of these taxa are supported as part of a large waterbird clade by most recent analyses (Ericson et al., 2006; Livezey and Zusi, 2006, 2007; Hackett et al., 2008; Morgan-Richards et al., 2008; Pratt et al., 2009 ). We consider a sister group relationship between Sphenisciformes and Procellariiformes to be the most FIGURE 4. Stratigraphic distribution of fossil Sphenisciformes in the Paleogene. The minimum possible age of the calibrating specimen of Waimanu manneringi is presented, and midpoints of age ranges are shown for the ages of other Paleogene penguin specimens. 8 well-supported hypothesis. We note, however, that the position of Waimanu manneringi on the penguin stem lineage does not hinge upon this topology. That is, the polarization of the many synapomorphies that place this species along the penguin stem lineage do not rely on the assumption that Procellariiformes are the closest living relative of penguins.
Fossil
Record of Pan-Sphenisciformes. Although Waimanu manneringi is known only from the holotype specimen, the slightly younger (~58-60 Ma) Waimanu tuatahi is represented by multiple specimens that together comprise almost the entire skeleton, further supporting the presence of Sphenisciformes in the Paleocene (Slack et al., 2006 ). An additional late Paleocene (~56 Ma) record is provided by a few elements described as Crossvallia unienwillia Jadwiszczak et al., 2013) . The Early-Middle Eocene record of penguins includes several dozen isolated elements dated to ~49 Ma from Seymour Island, Antarctica (Myrcha et al., 2002; Jadwiszczak, 2006a Jadwiszczak, , 2006b Jadwiszczak et al. 2013; Tambussi et al., 2006) , a humerus from the Waipwan-Mangaorapan (50-56.5 Ma) of New Zealand and several partial skeletons and individual bones from the Middle Eocene of South America (Clarke et al., , 2007 . By the Late Eocene, penguins are distributed throughout much of the Southern Hemisphere and abundant in many localities (reviewed by Fordyce and Jones, 1990; Ksepka and Clarke, 2010a) .
The absence of substantial gaps in the early record of penguins, their relatively high preservation potential (due to dense bones and occurrence in shallow marine environments), and support for an area of origin in New Zealand (Slack et al., 2006; Thomas et al., 2011) all suggest that the appearance of penguins in the fossil record closely corresponds at least to the timing of their shift to a flightless marine ecology, if not to their split from their sister taxon Procellariiformes (Figure 4) . Fossil Record of Related Clades. Procellariiformes have a shallower and more sparsely sampled fossil record than Sphenisciformes. Possible Paleogene records of Procellariiformes have been put forward, but these were based on partial limb bones and considered tentative even by the original describers (Olson and Parris, 1987; Hope, 2002) . One of these fossils, Tytthostonyx glauconiticus, was later considered to represent a possible stem tropic bird by Bourdon et al. (2008) . The Paleogene Eopuffinus kazachstanensis is known only from a cranial fragment (Nessov, 1992) .
Though more material is required to confirm this identification, it is not directly relevant to the Sphenisciformes-Procellariiformes minimum age calibration because Waimanu manneringi is older. Eocene records of Procellariiformes are likewise scrappy, limited to a few isolated bones (Tambussi and Tonni, 1988; Feduccia and McPherson, 1993; Mayr and Smith, 2012) . Early Oligocene records include the first good specimens, among them complete skeletons of the extinct clade Diomedeoididae (Fischer, 1985; Olson, 1985; Cheneval, 1995; Peters and Hamedani, 2000; De Pietri et al., 2010) . Given the extensive nature of the penguin record and the higher preservation potential of thick-boned diving birds, longer gaps in the fossil record of Procellariiformes should be of little concern.
CORACIOIDEA (ROLLERS AND GROUND ROLLERS)
Node Calibrated. Divergence between Coracioidea (Coraciidae and Brachypteraciidae) and their extant sister taxon (see discussion). Fossil Taxon. Primobucco mcgrewi Brodkorb, 1970 Specimen. USNM 336484 (National Museum of Natural History, Smithsonian Institution, Washington DC, USA): nearly complete semi-articulated skeleton lacking left hindlimb. Multiple specimens of Primobucco mcgrewi exist from the same locality as USNM 336484 (Ksepka and Clarke, 2010b) , which we select due to its completeness and preservation of key apomorphies. Phylogenetic Justification. Phylogenetic analysis of morphological data and combined morphological and molecular data (Smith et al., 2008) . Because the tuff was deposited several meters above the fossil horizon, this date can be appropriately treated as a hard minimum. There is no evidence of a substantial temporal gap between the fossil horizon and the tuff (Grande and Buchheim, 1994) , and so we conservatively consider time elapsed between the deposition of the fossil and the tuff negligible for the purposes of defining a minimum age. Phylogenic Position of Coracii. Coracii (rollers and their stem lineage relatives) are supported as part of a large clade that includes Alcedinidae, Momotidae, Todidae, Upupiformes, Bucerotiformes, and Piciformes (Ericson et al., 2006; Hackett et al., 2008; Pratt et al., 2009 ). Which of these taxa form the sister group of Coracii is not yet completely resolved. Supported candidates include a Todidae + Momotidae + Alcedinidae clade (Hackett et al., 2008) , Meropidae (Livezey and Zusi, 2006, 2007 - note that this analysis also placed Leptosomidae within Coracii), or all these taxa together ). Placement of Primobucco mcgrewi along the roller stem lineage can be considered relatively secure. Even though analysis of a combined dataset resulted in a different arrangement of the "Coraciiformes", Upupiformes + Bucerotiformes, and Piciformes compared to that recovered by analysis of a morphology-only dataset, the fossil taxon fell within Coraciiin both analyses . Given the lack of wide consensus on the extant sister taxon of Coracioidea, Primobucco mcgrewi is at present best applied as a calibration for the divergence of Coracii versus all other listed taxa ( Figure 5 ). Ongoing phylogenetic work on this sector of the avian tree should allow a more precise placement in the future. Fossil Record of Coracii. Multiple near-contemporary records of Coracii are known in addition to Primobucco mcgrewi. Paracoracias occidentalis also occurs in the Green River Formation. Although the type horizon for this species was originally considered uncertain , it has recently been placed in the Middle Eocene Laney Shale Member (Grande, 2013) . Possible earlier records of Coracii have been referenced in the literature, but require further study. A partial tarsometatarsus from the early Eocene of Condé-en- Brie (France) was assigned to Primobucconidae indet. ). This specimen is not tightly constrained in age at present and could be contemporaneous with or slightly older than Primobucco mcgrewi based on placement of the fossil horizon within MP zone 8-9 (Schmitdt-Kittler, 1987). More complete material and refined dating is desirable before incorporating this record as a calibration point. A fossil from the Early Eocene (presumably London Clay) of England was referenced as a possible occurrence of Primobucconidae (M. Daniels, personal commun. in Mayr, 2005a) , but details of this specimen have not yet been published. Many complete specimens of Coracii have been described from the Messel Formation of Germany (~47 Ma, see Upupiformes / Bucerotiformes discussion for details of the age of this formation). Several species including Primobucco perneri, Primobucco frugilegus, and Eocoracias brachyptera, are each represented by multiple skeletons from Messel . Late Eocene material from Quercy includes two species of stem roller, Geranopterus alatus, and Geranopterus milneedwardsi (Mayr and Mourer-Chauviré, 2000) . Although Quercy specimens collected in the 19th century are from an uncertain stratigraphic horizon and may be Oligocene or Eocene in age, more recently collected specimens are estimated to be ~35 Ma in age (Mayr and MourerChauviré, 2000) . Cryptornis antiquus represents another potential record from the Late Eocene (MP19) . A large gap separates these occurrences and the next oldest fossil, a tarsometatarsus assigned to Geranopterus bohemicus from the Early Miocene (~17 Mya; Kempf et al., 1997) of the Czech Republic. Thus, the fossil record of Coracii is considered to be rather discontinuous ( Figure 6 ).
It bears restating here that many specimens originally assigned to Primobucco or Primobucconidae are now considered to represent distantly related taxa Olson, 1989, 1992; that are not relevant to calibrating the divergence of Coracii. These include the stem parrot Cyrilavis olsoni (formerly "Primobucco" olsoni), the piciform Neanis schucherti, the stem mousebirds Uintornislucaris, Uintornismarionae, Botauroidesparvus and Eobucco brodkorbi, and "Neanis" kistneri (of uncertain affinities). Two other putative London Clay records of Primobucconidae, the partial tarsometatarsus holotype of Parvicuculus minor (Olson and Feduccia, 1979) and an unnamed partial tarsometatarsus (Harrison, 1982) are now considered to be unrelated to Coracii (Harrison, 1982; . Fossil Record of Related Clades. Given the general agreement that Coracii occupy some position within a clade including the contents of the traditional "Coraciiformes", we can achieve at least a general picture of the fossil record of potential sister taxa. The fossil Quasisyndactylus longibrachis from the Middle Eocene Messel Formation has been proposed as the sister taxon a clade uniting Alcedinidae, Todidae, Momotidae, and Meropidae (Mayr, 1998 (Mayr, , 2005a . However, whether Meropidae belong to this clade is challenged by many analyses of molecular data. This in turn raises the question of whether this fossil may represent the sister taxon of just Alcedinidae, Todidae, and Momotidae or perhaps a larger clade also including Meropidae and several additional taxa. The oldest well-known representatives of Upupiformes are also from the Messel Formation (see below). Stem lineage todies first appear in the Late Eocene (~35 Ma, Mourer-Chauviré, 1985) , and stem lineage motmots first appear in the Early Oligocene (Olson, 1976) . Thus, under most proposed phylogenetic hypotheses, the earliest fossil occurrence of the sister lineage to Coracii ranges from 5-15 Ma younger than Primobucco mcgrewi, indicating only a modest gap.
APODIDAE (TRUE SWIFTS)
Node Calibrated. Divergence between Apodidae and Hemiprocnidae. Fossil Taxon. Scaniacypselus wardi (Harrison, 1984) . Specimen. NHMUKA5430 (Natural History Museum, London, UK): humerus, ulna, carpometacarpus, and alular phalanx. Phylogenetic Justification. Phylogenetic analysis of morphological data (Mayr, 2003 (Mayr, , 2005c and combined morphological and molecular data (Ksepka et al., 2013) . Minimum Age. 51 Ma. Age Justification. NHMUKA5430 was collected from Bed R6 of the Røsnaes Clay Formation of Ølst, Denmark (Harrison, 1984) . Bed R6 is the uppermost division of the Røsnaes Clay Formation, and is overlain by Bed L1 of the Lillebaelt Clay Formation (Heilmann-Clausen et al., 1985) . Magnetostratigraphic work (Heilmann-Clausen et al., 2010) demonstrates that Bed L2 of the Lillebaelt Clay spans part of Chron 22r, which constrains the age of the base of the Lillebaelt Clay to >49 Ma. Thiede et al. (1980) assigned the upper calcareous beds of the Røsnaes Clay Formation, including R5 and R6 to nannoplankton biozones NP11 and NP12. Biostratigraphy supports correlation of the Røsnaes Clay Formation to the European mammal reference biozone MP8 (Mlíkovsky, 1996) , which suggests an age >50 Ma (Gradstein et al., 2004) . A conservative minimum age of 51 Ma is proposed, based specifically on the estimated age of the upper boundary of NP12, which is dated to 51 Ma (Gradstein et al., 2012) . Phylogenetic Position of Apodidae. Nearly all phylogenetic analyses have strongly supported a sister group relationship between Apodidae and Hemiprocnidae, with Trochilidae forming the sister group to the Apodidae + Hemiprocnidae clade (Mayr, 2003 (Mayr, , 2005c (Mayr, , 2010a Cracraft et al., 2004; Barrowclough et al., 2006; Ericson et al., 2006; Hackett et al., 2008; Braun and Huddleston, 2009; Nesbitt et al., 2011; Ksepka et al., 2013 ; though see Livezey and Zusi 2006, 2007) (Figure 7) . Given the broad consensus that Apodidae and Hemiprocnidae are sister taxa, there is no conflict between morphological and molecular date to reconcile as pertains to the placement of Scaniacypselus wardi along the stem lineage leading to Apodidae. Fossil Record of Pan-Apodidae. Swifts are known from a few good European specimens subsequent to their first appearance, though their fossil record is otherwise sparse (Figure 8) . Scaniacypselus szarskii is known from multiple complete skeletons, some with intact feathering, from the Middle Eocene Messel Formation (Peters, 1985; Mayr and Peters, 1999) . Additional fossils belonging to the true swift lineage include an isolated ulna of cf. Scaniacypselus from the Late Eocene of France (Mourer-Chauviré and Sigé, 2006) , Procypseloides from the Eocene/Oligocene of France (Milne-Edwards, 1871; Mourer-Chauviré et al., 2004) , and specimens from the Late Oligocene/ Early Miocene of Australia (Boles, 2001 ) and the Early and Middle Miocene of France (MilneEdwards, 1871; Ennouchi, 1930; Collins, 1976; Harrison, 1984; Mlíkovsky, 2002) . Fossil Record of Related Clades. Hemiprocnidae lack a fossil record. The classification of the Eocene fossil Eocypselus vincenti within Hemiprocnidae (Harrison, 1984; Dyke, 2001b) has been shown to be erroneous, and this taxon is now considered a basal representative of Pan-Apodi-FIGURE 8. Stratigraphic distribution of fossil Pan-Apodidae in the Paleogene. The minimum possible age of the calibrating specimen NHMUK A5430 is presented, and midpoints of age ranges are shown for the ages of other Paleogene swift specimens.
12 formes (Mayr, 2001a (Mayr, , 2010b Ksepka et al., 2013) . Pan-Trochilidae (stem hummingbirds) is represented in Middle Eocene, Late Eocene, and Early Oligocene deposits (Karhu, 1988 (Karhu, , 1999 Mayr, 2004a Mayr, , 2007 Bocheński and Bocheński, 2008; Louchart et al., 2008; Mayr and Micklich, 2008) . Basal Pan-Apodiformes (taxa that diverged prior to the swift-hummingbird split) are also present in Eocene deposits in Europe and North America (Collins, 1976; Mourer-Chauviré, 1978 , 1988a Harrison and Walker, 1975; Mayr, 2010b; Ksepka et al., 2013) . Because these stem swifts, stem hummingbirds, and basal pan-apodiforms were all small birds, it is plausible that the absence of Hemiprocnidae in the fossil record is due to geographical collecting biases. Hemiprocnidae occur today in Asia and Australasia, where relatively minimal fossil collecting effort has been expended compared to Europe and North America. Thus, the absence of Hemiprocnidae is not cause for extreme concern over the reliability of the calibration outlined here, though the small size of swifts in general implies a greater probability of a long gap at the base of the Apodidae-Hemiprocnidae divergence than might be expected for larger birds.
COLIIFORMES (MOUSEBIRDS)
Node Calibrated. Divergence between Coliiformes and their extant sister taxon (see below). Fossil Taxon. Sandcoleus copiosus (Houde and Olson, 1992) Specimen. USNM 433912, holotype of Sandcoleus copiosus: nearly complete skeleton collected in articulation from a calcareous nodule, now disarticulated by preparation. Phylogenetic Justification. Phylogenetic analysis of morphological data Zelenkov and Dyke, 2008; Clarke, 2009, 2010c) . Analyses utilizing a composite Sandcoleidae with scorings from Sandcoleus and several related taxa also support placing Sandcoleus copiosus along the mousebird stem lineage Mayr, 2005d) . No alternative hypothesis for a close relationship with an extant group other than mousebirds has been forwarded for Sandcoleus. Minimum Age. 56.22 Ma. Age Justification. USNM 433912 was collected from the Sand Coulee beds of the Willwood Formation in Clark Quadrangle, Wyoming (USA). These beds fall within the Plesiadapis cookei zone (biozone Cf-2) of the Clarkfordian North American Land Mammal Age (Houde and Olson, 1992) . Biozone Cf-2 is located above the base of Chron C24r. Although Chron C24r spans the PaleoceneEocene boundary, biozone Cf-2 occurs entirely within the Paleocene. Secord et al. (2006) obtained a weighted mean 40 Ar/ 39 Ar age of 59.00±0.30 Ma for the Belt Ash, which occurs within the older Chron C26r. These authors used a cubic spline function to calibrate biozone boundaries to numerical dates, estimating the age of Cf-2 as between 56.60 Ma and 56.22 Ma. Together, the radiometric, paleomagnetic, and biostratigraphic data provide a tightly constrained estimate for the appearance of Sandcoleus copiosus. Phylogenetic Position of Coliiformes. Higher level relationships of mousebirds remain uncertain, and they have been considered a "rogue" taxon (Wang et al., 2012) . Coliiformes were recovered as the sister taxon of Strigiformes by the phylogenomic analysis of Hackett et al. (2008) (Figure 9 ). However, many alternate results have been reported, including sister group relationships between Coliiformes and Psittaciformes (Sorenson et al., 2003; Mayr and Clarke, 2003; Chubb, 2004) , Trogoniformes (Espinosa de los Monteros, 2000; Livezey and Zusi, 2006, 2007) , and Piciformes . Other analyses did not fully resolve the position of Coliiformes but nonetheless resolved Strigiformes as distantly related to Coliiformes (Ericson et al., 2006; Brown et al., 2008) . Placement of Sandcoleus copiosus is secure despite these conflicts, as each of the first three candidate sister taxa have been included as single outgroups in three separate analyses testing the placement of the fossil as have all four simultaneously (Ksepka and Clarke, 2010c) . All of these analyses placed the fossil along the mousebird stem lineage, a position that is supported by multiple apomorphies (Mayr and Peters, 1999) . Given the lack of consensus regarding the higher level affinities of mousebirds, we suggest the mousebird calibration is most appropriately utilized in analyses that sample a wide range of "higher land bird" taxa. Fossil Record of Coliiformes. A relatively continuous temporal record is now recognized following the first appearance of Coliiformes, with fossils recovered from Early Eocene horizons in the Willwood Formation (early Wasatchian ~54 Ma; Houde and Olson, 1992) , the Early Eocene Green River Formation (~51.5 Ma; Houde and Olson, 1992; Ksepka and Clarke, 2010c) , Middle Eocene Bridger Formation (~48 Ma; Houde and Olson, 1992) , Middle Eocene Messel Formation (~47 Ma; Mayr and Peters, 1998; Peters, 1999; Mayr, 2000a) , multiple Late Eocene horizons at Quercy (Mourer-Chauviré, 1988b ) the latest Eocene Florissant Formation , and the Early Oligocene Frauenweilerand Late Oligocene Enspel deposits of Germany (Mayr, 2000b (Mayr, , 2013b (Figure 10 ). Mousebirds are also represented by a suite of fossil taxa from younger Neogene deposits.
Notably, the fossil record of mousebirds is concentrated to the Northern Hemisphere, whereas all six extant mousebird species are restricted to Africa. Although it is possible that older Southern Hemisphere fossils remain undiscovered, the placement of all phylogenetically constrained North American and European species outside the crown clade and the early Pliocene first appearances of mousebirds in Africa (Rich and Haarhoff, 1985) are consistent with origination in the Northern Hemisphere followed by a later Neogene dispersal into Africa. This scenario does not require substantial Southern Hemisphere gaps in the fossil record of the group. Fossil Record of Related Clades. Due to the unresolved position of Coliiformes within Aves, it is premature to discuss in detail whether concordance exists between the fossil record of this group and its sister taxon. Most of the proposed candi- dates do show significant agreement, however, as Strigiformes also appear in the Paleocene (Rich and Bohaska, 1976) and Psittaciformes and Trogoniformes appear in the Early Eocene (Dyke and Cooper, 2000; Kristoffersen, 2002) .
PSITTACIFORMES (PARROTS)
Node Calibrated. Divergence between Psittaciformes and Passeriformes (see below). Fossil Taxon. Pulchrapollia gracilis (Dyke and Cooper, 2000) . Specimen. NHMUKA6207: partial skeleton including rostral tip of beak, quadrate, two vertebrae, partial scapula, partial humerus, complete ulna, partial carpometacarpus, phalanx I-1 and II-1, complete femur, partial tibiotarsus, complete tarsometatarsus, and nine pedal phalanges. A coracoid associated with the holotype is now considered to belong to another taxon (Mayr, 2001b) . Phylogenetic Justification. Phylogenetic analysis of morphological data (Dyke and Cooper, 2000; Mayr, 2005c) , phylogenetic analysis of combined morphological and molecular data Clarke, 2012) . Minimum Age. 53.5 Ma. Age Justification. NMH A6207 was collected from the Walton Member (Division A2 of King, 1981) of the London Clay Formation at Walton-on-the-Naze, England. The Walton Member correlates to the upper part of Chron C24r and to calcareous nannoplankton zone NP10-11 (Rhodes et al., 1999) . Precise dating of Chron C24r is difficult and estimates vary depending on alternate cyclostratigraphic methods applied to extrapolate the length of the stratigraphic gap between the top of C24r and horizons dated using radiometric means. Because a hard minimum calibration should be conservative, we selected the youngest estimate (inclusive of error) for the top of C24r (53.54+/-0.04) presented among the alternate estimates of Westerhold et al. (2007) . Phylogenetic Position of Psittaciformes. Consensus is building for a sister group relationship between Psittaciformes and Passeriformes (Psittacopasserae of Suh et al., 2011) (Figure 11 ). The phylogenomic analysis of Hackett et al. (2008) supported this pairing, as did most analyses of a 30 nuclear loci dataset (Wang et al., 2012) and analysis of retroposon insertions (Suh et al., 2011) . A trichotomy including Psittaciformes, Passeriformes, and Falconidae was recovered by the nuclear gene study of Ericson et al. (2006) . However, mitochondrial studies have placed Psittaciformes near the base of Neoaves (Pratt et al., 2009) or as sister taxon to Strigiformes (Pacheco et al., 2011) . Morphological analyses have supported a sister group relationship between Coliiformes and Psittaciformes (Mayr and Clarke, 2003) , near the base of a FIGURE 12. Stratigraphic distribution of fossil Pan-Psittaciformes in the Paleogene. The minimum possible age of the calibrating specimen NMH A6207 is presented, and midpoints of age ranges are shown for the ages of other Paleogene parrot specimens. Note that the London Clay Formation also contains multiple associated skeletons and isolated bones in addition to the holotype of Pulchrapollia gracilis that serves as a calibration point. "higher land bird" assemblage (Livezey and Zusi, 2006, 2007) , or, with a more limited outgroup sampling, as sister group to Passeriformes . Despite any uncertainty over the higher level relationship of Psittaciformes, Pulchrapollia gracilis shares unique characters with extant parrots (Dyke and Cooper, 2001; Mayr, 2002) and remains in the same position relative to crown Psittaciformes even when disparate groups such as Musophagidae, Coliiformes, and Passeriformes are recovered as the extant sister taxon of Psittaciformes Cooper, 2000, Ksepka et al., 2011; Mayr, 2011) . Thus, we consider the placement of Pulchrapollia gracilis as a stem parrot to be secure. Fossil Record of Pan-Psittaciformes. A substantial record of Eocene stem parrots is now known (Figure 12 ). Several partial skeletons of unnamed fossil taxa have been reported from the London Clay (Mayr and Daniels, 1998) . These taxa are interpreted as more closely related to crown clade Psittaciformes than Pulchrapollia gracilis (Mayr, 2002) . Slightly younger but more complete records of stem Psittaciformes are provided by Cyrilavisolsoni and Cyrilavis colburnorum, known from several complete and partial skeletons from the Fossil Butte Member of the Green River Formation (51.66 ± 0.09 Ma: see above discussion concerning the age of the Fossil Butte Member). An even larger collection of skeletons representing multiple species is known from the Messel Formation (~47 Ma) (Mayr and Peters, 1998) . Additional Middle Eocene records have been reported from Geiseltal (Mayr, 2000a) . Late Eocene records of Psittaciformes include isolated elements assigned to the Quercypsittidae (Mourer-Chauviré, 1992) . Vastanavidae, a group of that may also represent stem parrots, are known from isolated elements from the Early Eocene of India .
Two putative stem parrots from the Early Eocene Fur Formation are contemporary with, or slightly older than, Pulchrapollia gracilis, but do not meet all of the criteria for inclusion as calibration points laid out above. These fossils were described as Mopsitta tanta and Pseudasturidae incertae sedis (Kristofferson, 2002; Waterhouse et al., 2008) . Both taxa are represented solely by a humerus, and the psittaciform affinities of Mopsitta tanta are now considered doubtful given a lack of unambiguous synapomorphies supporting a relationship with parrots and recognition of similarities to the stem ibis Rhynchaeites (Mayr and Bertelli, 2011) . Regardless of phylogenetic status, it is uncertain whether the age of these fossils is greater than that of Pulchrapollia gracilis. Numerous volcanic ash layers occur in the Fur Formation, and these are designated by a series of numbers, ranging from +140 for the highest ash in the formation to -39 for the lowest. Two radioisotopic dates have been reported from these ashes: a date of 54.04+/-0.14 Ma from layer +19 and a date of 54.52 +/-0.05 Ma from layer -17 (Chambers et al., 2003) . Unfortunately, the horizon from which these putative fossil parrots were recovered was not reported, so whether these dates provide a minimum age, maximum age, or together bound the age of the fossils cannot be determined. Given their incomplete nature and controversial phylogenetic status, we recommend against utilizing the Fur fossils from divergence studies pending further evidence. However, we note the older of the two radiometrically dated layers is only ~1 Ma older than the hard minimum age of Pulchrapollia gracilis and so the potential increase in calibration age is slight.
A partial mandible from the Late Cretaceous Lance Formation was attributed to a parrot by Stidham (1998) , though this record has remained controversial (Dyke and Mayr, 1999; Stidham, 1999) . Following the guidelines above, we do not consider this fossil as a calibration point due to its incomplete nature and the lack of phylogenetic analysis supporting its referral. Fossil Record of Related Clades. As with Coliiformes, it is unlikely that further work on the higherlevel affinities of Psittaciformes will significantly impact the calibration age. The oldest reported record of Passeriformes, the probable sister taxon of Psittaciformes, is also from the Early Eocene (Boles, 1995) . Paleocene fossil records of Passeriformes are otherwise restricted to the Oligocene. However, if the extinct Zygodactylidae represent the closest fossil relatives of Passeriformes as proposed by Mayr (2004b Mayr ( , 2008b , the record of the stem lineage leading to Passeriformes would also include many additional Eocene and Oligocene FIGURE 13. Phylogenetic tree showing position of Messelirrisor halcyrostris, illustrating the divergence calibrated by SMF-ME 1883a+b. 16 records from Europe and North America. The oldest records of Coliiformes and Strigiformes are both from the Late Paleocene (Houde and Olson, 1992; Rich and Bohaska, 1976) .
STEM UPUPIFORMES (HOOPOES AND WOOD HOOPOES)
Node Calibrated. Divergence of Upupiformes from Bucerotiformes. Fossil Taxon. Messelirrisor halcyrostris (Mayr, 1998) . Specimen. SMF-ME 1883a+b (Forschungsinstitut Senckenberg, Frankfurt, Germany): complete skeleton. Additional complete skeletons of Messelirrisor halcyrostris and closely related species are also known from the same locality as this specimen (Mayr, 1998) , which we chose for its completeness and preservation of key morphological features. Phylogenetic Justification. Phylogenetic analysis of morphological data (Mayr, 2006) . Minimum Age. 46.6 Ma. Age Justification. SMF-ME 1883a+b was collected from the Messel Pit. A maximum age for the fossiliferous deposits of the Messel Formation is provided by a 47.8 ± 0.2 Ma 40 Ar/ 39 Ar age obtained from the basalt chimney below Lake Messel (Mertz et al., 2004) . This date provides a maximum age for Lake Messel itself, but a minimum age for the fossil must take into account time elapsed between the cooling of the basalt and the deposition of the fossiliferous layers which occur higher in the section. Lacustrine sediments are estimated to have filled in the maar lake that formed above this basalt chimney over a span of approximately 1 Ma (Mertz et al., 2004) . Accounting for sedimentation rate, the layers yielding avian fossils (including SMF-ME 1883a+b) are most likely ~47 Ma in age (Mertz et al., 2004; Franzen, 2005) . When both the error range associated with the dating of the basalt (±0.2 Ma) and the estimate of time spanned between this date and deposition of the fossil (1 Ma) are incorporated, the hard minimum age for the fossil is 46.6 Ma. Phylogenetic Position of Upupiformes. A sister group relationship between Upupiformes and Bucerotiformes (hornbills) is well supported by morphological (Burton, 1984; Mayr, 1998 Mayr, , 2006 Livezey and Zusi, 2006, 2007) and molecular data (Johansson et al., 2001; Cracraft et al., 2004; Ericson et al., 2006; Hackett et al., 2008) (Figure 13 ). Thus, there is no conflict between morphological and molecular data that may affect the placement of Messelirrisor halcyrostris. Fossil Record of Upupiformes. Messelirrisoridae are well-represented in the Messel Formation. Besides Messelirrisor halcyrostris, two additional species (M. parvus and M. grandis) are also known from multiple largely complete specimens, some with soft-tissue preservation (Mayr, 1998 (Mayr, , 2006 .
Potential older records of stem lineage Upupiformes have been reported. Less complete specimens from the Early Eocene London Clay Formation have been referred to the Messelirrisoridae (Mayr, 1998) . Following the guidelines above, we do not include these specimens as a recommended calibration point pending phylogenetic analyses confirming their identity. Younger and less complete records of stem Upupiformes are known from slightly younger (~44 Ma) Middle Eocene deposits at Geiseltal. Two partial skeletons of the FIGURE 14. Stratigraphic distribution of fossil Upupiformes in the Paleogene. The minimum possible age of the calibrating specimen SMF-ME 1883a+b is presented, and midpoints of age ranges are shown for the ages of other Paleogene Upupiformes. The fossil record of Upupiformes is probably more complete than implied by the figure as several important specimens may belong to this clade await evaluation (see text).
taxon Laurillardia from the Late Eocene of France (Milne-Edwards, 1871; Flot, 1891) are also recognized as stem Upupiformes (Mayr, 1998) . Miocene specimens assigned to stem members of Phoeniculidae (wood hoopoes) have been described from the Early Miocene of Germany and France (Ballman, 1969; Mlíkovský and Göhlich, 2000) .
The fossil record of Upupiformes is probably more complete than implied by Figure 14 , as several important specimens that may belong to this clade await evaluation. Mayr (2009) considered it likely that a complete skeleton from the Early Eocene Green River Formation figured by Grande (1984, p. 212 ) represents a member of the Upupiformes + Bucerotiformes clade. It is possible that this fossil may eventually justify a revision of the minimum calibration age for the UpupiformesBucerotiformes split. However, it is best to await phylogenetic appraisal of the fossil, which could potentially occupy a more basal position (e.g., along the stem leading to the clade Upupiformes + Bucerotiformes) or belong to a distantly related clade (Grande, 1984 , noted a resemblance to kingfishers). Mayr (2009) also mentioned the occurrence of upupiform specimens from the Early Oligocene of France, which currently remain in private collections. Fossil Record of Related Clades. Bucerotiformes have a very sparse fossil record, comprising only two pre-Holocene species: Bucorvus brailloni from the Middle Miocene (Brunet, 1971) and Euroceros bulgaricus from the Late Miocene (Boev and Kovachev, 2007) . This poor record is potentially related to sparse sampling of the fossil record within the bounds of the clade's modern geographical distribution (Africa, Asia, and Australasia).
DISCUSSION
Fossil data must play a critical role in any attempt to resolve the timing of key divergences in the crown radiation of birds. Only recently has major effort begun to be devoted to including fossil avian taxa into phylogenetic analyses. As these efforts proceed, we anticipate a large increase in the number of vetted fossil calibrations for birds.
